INTRODUCTION
It is almost axiomatic in limnology that the size and shape of a lake arc of very great importance in determining its biological characteristics.
Nonetheless, apart from a recent paper by Hayes (1957) there dots not appear to be much detailed information available concerning the quantit,ativc intcrrelations between lake dimensions, which must markedly affect many physical propcrties of lake waters (i.u., temperature, stratification, water movements, rate of replacement), and ultimately the organisms inhabiting them. The present account, which summarizes several years of obscrvations by Sir John Murray, Mr. Laurence I'ullnr, and their associates (1.910; see also the Geographical Journal for some years prior to this date), attempts to exa.minc (a) some of the interrelations bctwccn drainage area, lake area, length, mean breadth, mean depth, and maximum depth for 399 lakes distributed over the whole of Scotland, of which 262 reprcscnt rock basins and 137 arc basins lying in or at least dammed by glacial drift; (b) the effect of lake dimensions upon the average time taken for complete water replacement; (c) the seasonal changes of lvater temperature in lakes of different size; and (d) the possibility of a relation between 1 The writer is much indebted to Dr. A. C. Stephen for supplying samples of lake muds, and to Prof. S. E. Hollingworth for helpful advice concerning the glacial sculpture of lakes.
the organic: content of profundnl muds and lake dimensions.
ISTIGRI~E:TJATIONS BETWEEN LAKE DINIENSIONS
Statistics for length, mean breadth, drainage area, lake area, mean and maximum depth arc given in Table 1 for those lakes distinguished as tither rock or drift basins by Peach and IIorne in the Batjhymetrical Survey report of 1910. The avcragc values shown arc based upon logarithmic groupings of the data, which bring the frequency distributions much closer to the normal frcquency curve than those utilizing untransformed data, and also appear to give reasonably linear regressions. Table 2 prcsents coefficients of correlation bctwccn certain of the transformed dimensions, and Table 3 the corresponding regression formulae.
Length and mean breadth It might be thought that the length and breadth of a lake arc unlikely to be of much limnological significance.
However, Mortimcr's recent work on temperature scichcs (1952, 1953) has shown that the exposure of a lake to wind, which is partly determined by the direction and length of its main axis, has a considerable effect upon water movements, and no doubt through these upon the inhabitants of the lake. Sediment dist,ribution is probably also influenced by such water movemcnta (cf. Munk 194 1 and Revellc 1939, cited by Mortimcr 1952) , and it may therefore bc worthwhile to examine the horizontal dimensions of lakes to SW whether any rcgularitics of pattern emerge. In Scotland the relationship between length of lake and mean breadth (= area/ length) is rather close, the correlation cocficients for the logarithmically transformed dimensions being 0.75 and 0.69 for rock and drift basins, respectively.
The regressions of mean breadth upon length are shown on logarithmic scales in Figure 1 , where it is evident that there is some difference bctwecn the two types of lake basin, the rock basins being narrower than those in or dammed by drift, as well as a good deal larger on the average.
The ratios of length to mean breadth (constructed from the above-mentioned rcgrcssion lines) arc also shown arithmetically in Figure 1 ; and it is apparent, from these that the largest rock basins are cxcccdingly narrow, since the ratios rise well above 20 in comparison with values of about 3 in the smallest basins of this type. Such a contrast is explained by the situation of the large rock basin lakes in deep mountain valleys, while a great many of the smaller ones lit in plateau basins. Many of the larger drift lakes, with ratios more than treble those of the smallest, also lie in valleys, the barriers being deposits of glacial detritus instead of rock sills, but in general these valleys are rather wide and open, so that the ratios of length/mean breadth do not attain high levels.
Drainage area and lake area
The ratio of drainage arca to lake arca must have considerable importance for hydrobiology, since it will influence the rate of transport of water through a lake. The relation between drainage arca and lake area in Scotland is quite close, as shown by the highly significant coefficients of 0.70 and 0.69 for rock and drift basins, respectively. The regressions of the former on the latter arc shown in li'igure 2, again on logarithmic coordinates, and it may be noted that the difference in slope is significant at the 1 per cent level, though not apparently very great. The drainage area/lake area ratio is also plotted arithmetically on li'igure 2 in relation to lake arca. For rock basins there is a distinct decrease in ratio with increasing lake size. In the smallest lochans of around 0.01 mi2 the arcas of the drainage basins arc in general a little over 30 times those of the lake basins, while for the largest lochs of over 20 mi2 the ratio is only about 13. The factor responsible for this difference in ratio cannot be idcntificd with any certainty. Howcvcr, as a tcntativc hypothesis it may bc suggested that since the larger rock basins arc presumably the result of a greater degree of glacial erosion and deepening in the larger mountain valleys than in the tributary val- 1~~s or on plateaux, the larger lakes might therefore be expected to cover a corrcspondingly greater proportion of their total drainage area. In the drift basin lakes the ratio is intermediate, the average ranging from about 20 for the smallest to 18 for the largest body of water. Evidently the deposition or subsequent redistribution of the drift has been sufficiently regular to prevent wide variations in this ratio.
Among the drift basins some 29 were scgregated by the geologists associated with the lake survey as kettle holes left after the melting of isolated blocks of glacier ice. Since these represent a rather special type of drift basin, scpa#rate correlation and rcgrcssion analyses were carried out, which rcvealcd some difference from other drift basins with regard to the relation between drainage area and lake area. The correlation coefficient between the two dimensions is somewhat higher than usual, 0.74, and the regression of drainage area upon lake area follows the formula log y = 1.033 log z + 1.117. Thus the ratio of drainage area to lake area is uncommonly low, ranging on the average from about 11 to 13 between the smallest and largest lakes. Such a low ratio is perhaps not unexpected for the rather flat terrain provided by fluvio-glacial deposits, of which these kettle holes are characteristic. 2. The relation between drainage area and lake area. The heavy solid line represents rock basins, heavy dashed line drift basins, and circles log means.
Ratios are given by lighter lines.
M'ean depth and lake arecr The mean depth of a lake has been claimed to exert a marked influence upon productivity, especially by Rawson (1955) and more recently by Hayes (1957) , and this dimension must certainly be of great importance in determining how much of a lake's is neglected) it is apparent that on the basis of the above assumptions WC may expect a steep decline in arcal photosynthesis as mean depth increases to about 80-100 ft, after which the fall-off with increasing depth will bccomc much more gradual. As a point of interest Rawson's (1953) data for standing crop of net plankton in central Canadian lakes are also plotted on Figure 3 , where the observed points appear to follow a curve generally similar to the thcorctical ones, suggesting that the influcncc of mean depth may well be exerted mainly through its limitation of the time spent by primary producers in the photosynthetic zone, although numerous other factors may of course bc cxpcctcd to complicate such a simple relationship.
To return to the Scottish lakes, the correlation bctwccn mean depth and lake area is very clear in the cast of the rock basins (T = O.SS), but much less so in the drift basins (r = 0.24), though the cocfhcient is still significant at the 1 per cent level. The regressions of mean depth on lake arca arc illustrated in Figure 4 , which demonstrates that while the smallest lakes of both types have much the same mean depth, there is a marked divergence in the larger bodies of water, with the drift basin lakes only a little more than one-quarter as deep as rock basin lakes of similar area. Incidentally, the line given by IInyes (1957) for 500 lnkcs all over the world lies between the two shown in I~igurc 4.
In order to asccrtnin how lake depth varies with increasing horizontal dimensions, the ratio of mean depth to the square root of lake arca has been calculated, and is adso illustrated in 1~'igurc 4. It shows a distinct decline in both cases, although for rock basins this amounts to only about 30 per cent, whereas over a much narrower range of lake areas the drift basin ratios fall by nearly 80 per cent. Thus it is clear that depth does not increase in proportion to the horizontal dimensions, especially in deposits of glacial drift.
Whether this low mean depth/area ratio is an original feature of drift lakes, OI due to extensive erosion and sedimentation, is difhcult to determine.
The 29 kettle holes show little apparent relation between mean depth and area, the median depth being about 10 ft for the whole range of lake areas.
Tt should now be of interest to examine how far the Scottish formulae for the relation between mean depth and lake area can be extrapolated to larger lakes elsewhere, and Figure 5 shows something of this.
(The points on the graph arc taken from data compiled by Sir John Murray in Volume 1 of the Bilthymctjrical Survey Reports, with some emend&ion of the data for North Rmcrican lakes from papers by Rawson.) It will bc seen that the formula for lakes in rock basins f&s very well the data for similar but larger lakes in the Alps and the Scandinavian mountains (triangles).
Among the largest lakes of the world, however, none reaches an equivalent mean depth, although Baikal and Kosso-go1 in mountainous regions of Asia (two uppermost crosses) approach the lint fairly closely.
Most of the large lakes of North America which drain to the Gulf of St. Lawrence, Hudson Bay, and the Arctic Ocean, and similar bodies of water in Scandinavia and northwestern Russia (open circles), are intermediate between the regression lines for Scottish lakes in rock and drift basins. While their drainage channels arc often greatly obstructed by drift, the great la,kes of North America lit mostly in rock basins which were probably not blanketed by glacial deposits to nearly the same extent as were the much smaller Scottish lochs in drift or drift-dammed basins from which the lower line in Figure 5 was obtained.
There arc however some Canadian lakes (solid circles) which do lit below the line for Scottish drift basins, these being Lakes Winnipeg, Winnipegosis, Manitoba, and Lake of the Woods. All are remnants of the great early post-glacial Lake Rgassiz, which covered vast areas of very mild relief in central Canada during the retreat of the ice-sheets, and they must bc largely filled by the sediments deposited in that huge inland basin.
The other group of lakes in Figure 5 (open squares) represents basins in the Irish plain, and since these lit in flat glaciated country covcrcd by extensive deposits of drift, they approach more closely to the Scottish drift basins than to the rock basins. Their situatiorl on limestone substrata may perhaps be rcsponsiblc for these lakes exhibiting rather greater mean depths than cxpcctcd from the Scottish regression line, as some subsidence m,ay have occurred owing to solution of the underlying rock.
The shallowcat among the large bodies of water shown in Figure 5 is Lake Balaton in Hungary (lowest cross). This unusual lake fills, to a maximum depth of only 36 ft, a shallow depression which is believed to have resulted from settling of surface rocks into a cavity emptied by lava cjcction, the long axis of the lake running parallel to a line of local volcanic action.
Maximum depth and mean depth
The logarithmic relation between maximum and mean depth is exceptionally close, the correlation cocfficicnts being 0.95 and 0.92 for rock and drift basins respectively. IIowcver, the relation is somewhat different for the two groups of lakes, as may be seen from Figure 6 , and the slopes of the two regression lines, though similar, differ significantly at the 1 per cent level. In addition Figure 6 gives the ratio of maximum to mean depth plotted versus the latter.
For a lake of conical section this ratio would be 3, but only a few lakes attain it, chiefly among the smaller rock basins. There is among the rock basins a distinct drop in this ratio with increasing size, from about 3.0 in the shallowest to about 2.4 in the deepest, which implies a change from V-to U-shaped cross-sections. Since the glacial erosion of mountain valleys leads to over-steepening of the sides (i.e., the development of a U-shaped from a Vshaped cross-section) and over-deepening of the bottoms (i.e., the formation of lake basins), this decrease in maximum/mean depth ratio with increasing size of the rock basins may, as suggested previously, rcflcct an evolutionary sequence, in which the larger and more U-shaped basins represent the maximum and the smaller V-shaped basins the minimum of glacial erosion.
Among the lakes in or dammed by glacial drift the trend is in the opposite direction, with the smallest basins exhibiting maximum/niean depth ratios of about 2.2 and the largest basins ratios of about 2.8. This FLG. 6 . The relation between maximum and mean depth. The heavy solid line represents rock basins, heavy dashed line drift basins, and circles log means.
suggests that the smaller lakes have been filled in by erosion and sedimentation to a greater extent than have the larger ones. On the (logarithmic) average the maximum/mean depth ratio is about 2.4 for the drift basins as against about 2.7 for the rock basins. Such a result suggests that erosion and sedimentation of the glacial drift is more effective in producing a U-shaped crosssection than is ice-erosion of the solid rock.
As in the last section, it may be of some value to see how far it is possible to cxtrapolate the Scottish relationships to larger lakes in other parts of the world, and Figure 7 shows that in fact the largest alpine lakes (triangles) follow quite closely the line for Scottish rock basins. The even larger Laurcntian lakes of Canada (open circles) . again fall between the lines for Scottish rock and drift basins, and tend on the average to exhibit fairly conical cross-sections. (The circles marked by arrows represent Great Slave Lake, in which the main body of water gives a maximum depth of 535 ft, while a narrow eastern arm-Christie Bayreaches 2,015 ft.) Those lakes that are the remains of the former Lake Agassiz (solid circles) have rather low maximum/mean depth ratios, as might be cxpectcd if they arc merely the sediment-filled deeps of that huge lake of early post-glacial times. In contrast, The rate of water flow through a lake, which is dependent upon rainfall, cvapora-2 F tion, drainage arca, and lake volume, must 2 be of immense limnological importance; for 5 ' not only are physical properties such as 8 temperature, stratification, and water move-4 ments greatly affected, but also chemical 4 Q properties, as for instance the conccntrations of dissolved ions, gases, and other materials, some of which arc of undoubted biological significance.
In addition, both sediment and plankton dynamics will be greatly influenced by the rate of water rcplenishment , so it should obviously be worthwhile to calculate the effect of lake size upon this process. Such a calculation is illustrated on a semi-logarithmic basis in Figure 8 , which shows the time for complete water replacement in Scottish lakes of various sizes, assuming 50 inches of rainfall and 15 inches evaporation -the average figures for Scotland as a whole (Glasspoole 1933 , Penman 1950 . (Incidentally, there is little apparent correlation of basin size with altitude among the lakes surveyed, so that no great differences in average rainfall are to be expected on this account .)
It is clear from Figure 8 that on the average (and neglecting stratification) the smaller lakes exhibit a complete renewal of their waters every few weeks, while for the largest Scottish rock basins the replenish- The temperature of a body of water is of course of great hydrobiologicnl importance, and also affords a useful indication of the degree of stratification.
Vigurcs 9 and 10 show water temperatures at the surface and near the bottom in relation to the area and mean depth of the basin (on logarithmic Open circles rcprcscnt surface temperature, solid circles bottom temperature. The lines have been fitted by eye. The depth scale is logarithmic. scales). They are based on data from some 370 lakes-mainly rock basins-for which the formula relating the two dimensions is log y = 0.397 log x + 1.545 (cf. Table 3 ). Since the monthly curves have been fitted roughly by eye, and the groups of lakes were different from month to month over the several years of the survey (the temperature profiles of most lakes being examined only once), the results can only be taken as rather approximate.
Nevertheless they appear to give a reasonably clear picture of seasonal temperature changes in relation to lake dimensions, which in view of the importance attached to the tcmpcrature cycle may be of some general interest.
It is evident from Figures 9 and 10 that by April the lakes are beginning to warm up and to stratify, with the smallest and shallowest lochans reaching temperatures of 45-50°F (7-lO"C), while the largest and deepest ones remain at about 41-42°F (ca. 5°C). By May stratification is well advanced in all the lakes, with the smallest lochans reaching about 55°F (13°C) at the surface while the largest lochs are still cold at about 43°F (6°C). From June to August the small lochans tend to maintain their surface temperatures a little above 55°F (13°C)) while the big lochs warm up gradually to this temperature. Figure IO shows that bottom temperatures in the shallowest lochans (mean depth about 5 ft) are at this time only a fraction of a degree lower than those at the surface, while in the deepest lochs (mean depth greater than 250 ft) they remain around 42°F (4-5°C).
By September the small lochans have begun to cool down, and by October surface temperatures are falling in all the lakes, while lakes up to about 0.5 mi2 area and 50 ft mean depth are nearly isothermal.
At this time the large lakes are slightly warmer than the small ones, and remain distinctly stratified; in the case of the largest lake, Loch Ness, stratification does not break down completely until toward the end of Novcmbcr.
Over the period from April to October (roughly coincident with the growing season) average surface and bottom temperatures vary in an approximately linear way with the logarithms of lake area and mean depth, as shown by the graphs and formulae in the bottom right-hand corners of Figures 9 and 10. Average surface and bottom tempcraturcs in the smallest lochans are about 55°F (13°C) and 53-54°F (12°C)) respectively, while in the biggest lochs the range is from 50°F (10°C) at the top to about 42"Z (5-SOC) at the bottom.
Expression of these semi-logarithmic relationships on arithmetic scales shows that the temperature decrease per unit increase of lake size and depth is much greater among the smaller lakes; in the case of mean depth the two arms of the curves may be said to join in the vicinity of 40 ft.
IGNITION LOSS OF PROFUNDAL MUDS
Since t,he organic content of profundal muds has sometimes been taken as an indication of lake productivity, it seemed worthwhile to see whether the ignition loss of these muds (roughly proportonal to organic content in noncalcareous deposits such as those of all but a very few Scottish lochs) could be related to lake dimensions. Accordingly a series of muds sampled by the Lake Survey from the deepest parts of 54 lakes was obtained (through the courtesy of the Keeper of Natural IIistory at the Royal Scottish Museum in Edinburgh), and then dried at just above boiling point and ignited at incipient to dark red heat. Ignition loss ranged from 4 to 70 per cent dry weight, with the median at about 20 per cent and probably corresponding to an organic carbon content of between 5 and IO per cent. No difference was discernible between the organic content of muds from large and small or from deep and shallow lakes. For instance the highest value came from Littlcster Loch, with a mean depth of 5 ft, while the fourth highest (41 per cent) came from Loch Morar, with a mean depth of 284 ft. In contrast the lowest value came from Loch Suainaval, with a mean depth of 109 ft, and the third lowest (6 per cent) from Boardhouse Loch, with a mean depth of 6 ft.
CONCLUDTNG REMARKS
From this brief summary of the Scottish Bathymetrical Survey's work in physical limnology it will be evident that Sir John Murray, Mr. Laurence I'ullar, and their associates have provided a most detailed and extremely valuable background for further limnological and especially hydrobiological studies in Scotland.
While some work was done at the same time on the plankton and macro-vegetation of the lakes, rather little was published in the Lake Survey reports. The plankton collections are maintained in the Royal Scottish Museum, along with the samples of bottom deposits and many of notebooks of the survey.
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